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study,	we	 analyze	 the	 evolutionary	 history	 of	 sister	 species	 of	Prionurus	 surgeon-
fishes	in	the	Tropical	Eastern	Pacific	(TEP),	which	are	distinguished	by	the	presence	
or	absence	of	dark	spots	on	their	body.	We	examined	the	species	limits	in	this	system	
using	 comparative	 specimen‐based	 approaches,	 a	mitochondrial	 gene	 (COI),	more	
than	800	nuclear	loci	(Ultraconserved	Elements),	and	abiotic	niche	comparisons.	The	
results	 indicate	 there	 is	 a	 complete	 overlap	 of	meristic	 counts	 and	morphometric	
measurements	between	the	two	species.	Further,	we	detected	multiple	individuals	









tion	 in	 this	 species	 are	 unknown.	However,	 this	 system	 gives	 insight	 into	 general	
evolutionary	dynamics	within	the	TEP.
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differences	 in	 color	 patterns	 are	 not	 always	 indicative	 of	 reduced	
gene	 flow	 (Ramon,	Lobel,	&	Sorenson,	2003;	Lin,	Sanchez‐Ortiz	&	









studies	have	 categorized	 the	TEP	 into	 three	 to	 five	biogeographic	
provinces	based	on	the	distribution	records	of	fishes	(Briggs,	1974;	
Briggs	&	Bowen,	2012;	Hastings,	2000;	Robertson	&	Cramer,	2009;	
Spalding	et	al.,	2007).	This	 region	has	been	partially	 isolated	 from	
the	Indo‐Pacific	since	the	Miocene,	and	completely	separated	from	




reef‐fish	 families	 (Cowman	 &	 Bellwood,	 2013).	 Still,	 speciation	
within	 the	 TEP	 is	 facilitated	 by	 the	 limited	 connectivity	 between	
the	offshore	 islands	and	the	continental	coast	 (Allen	&	Robertson,	
1994).	 Examples	 include	 the	 high	 rates	 of	 fish	 endemism	 of	 the	
Galapagos	 (~17%	endemic	 species),	Clipperton	 atoll	 (~7%	endemic	









2016).	 Divergence	 between	 oceanic	 and	 continental	 species	 has	
been	 detected	 at	 a	 variety	 of	 time	 scales,	 suggesting	 that	 no	 sin-
gle	oceanographic	event	led	to	the	isolation	of	coastal	and	oceanic	
populations,	 and	 that	 limited	 connectivity	 between	 these	 ecosys-





continental	 coast	 (Hastings,	 2000;	 Riginos,	 2005).	 In	many	 cases,	
coastal	 speciation	 is	observed	 in	 fishes	with	 reduced	dispersal	ca-
pabilities,	 such	 as	 those	 with	 demersal	 eggs	 or	 short	 pelagic	 lar-
val	 durations	 (e.g.,	 blennies;	 Eytan,	Hastings,	Holland,	&	Hellberg,	
2012;	Lin	&	Hastings,	2011;	Miller,	Lin,	&	Hastings,	2016).	However,	
this	 is	 not	 always	 the	 case,	 as	 fishes	with	 high	 dispersal	 potential	
are	hypothesized	 to	have	diverged	 in	situ	 in	coastal	habitats,	 such	



































Here,	we	 expand	 upon	 the	 results	 of	 Ludt	 et	 al.	 (2015)	 by	 in-
cluding	 individuals	 from	 several	 locations	 across	 the	 TEP	 and	 by	
adding	 genomic	 analyses	 between	 the	 two	 species.	 In	 addition	 to	
genetic	 data,	 we	 gathered	 traditional	 morphological	 and	 meristic	
data	 for	 both	 species	 across	 their	 ranges	 and	 compared	 them	 to	





2  | MATERIAL S AND METHODS
2.1 | Phenotypic and morphological comparisons




squamation	patterns.	 For	 this	purpose,	 specimens	 for	P. punctatus 
and	P. laticlavius	were	examined	from	across	their	distributions	for	
phenotypic	 and	 morphological	 variation.	 Standard	 measurements	
and	meristic	counts	were	taken	for	each	specimen	following	those	








2.2 | Molecular sampling and extraction
To	have	a	better	understanding	of	the	genetic	divergence	between	
P. punctatus and	P. laticlavius	 along	 the	mainland	TEP,	we	 sampled	
at	three	localities:	Baja	California,	Mexico;	Guanacaste,	Costa	Rica;	
and	Las	Perlas	 Islands,	Panama.	This	sampling	scheme	targets	two	




tween	 2012	 and	 2015	 using	 either	 nets	 along	 the	 shore	 or	 pole	
spears	while	SCUBA	diving.	Tissue	samples	were	taken	from	pecto-
ral	fins,	gills,	or	muscle	tissue	and	stored	in	95%	EtOH.	Once	in	the	
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species,	 as	well	 as	 between	 sampling	 localities,	 using	50,000	per-
mutations	in	Arlequin.	These	summary	statistics	were	calculated	for	
both	species	and	for	all	sampling	locations.












then	 used	 to	 amplify	 ultraconserved	 elements	 (UCEs;	 Faircloth	 et	
al.,	2012).	Pooled	libraries	were	enriched	for	1300	UCE	loci	using	a	
custom	probe	set	(Arbor	Biosciences)	originally	designed	by	McGee	
et	 al.	 (2016),	 following	manufacturers’	 protocols.	 Pools	were	 then	
amplified	and	cleaned	using	16–18	PCR	cycles	following	procedures	
outlined	 in	 Faircloth,	 Sorenson,	 Santini,	 and	 Alfaro	 (2013).	 These	
pools	were	then	combined	in	equimolar	ratios,	and	paired‐end	frag-






Illumiprocessor	 (Faircloth,	 2013).	 Sequences	were	 then	 assembled	
into	 de	 novo	 contigs	 using	 Trinity	 2.0.6	 with	 default	 parameters	
(Grabherr	et	al.,	2011),	and	these	were	mapped	to	UCE	probes	using	
the	Phyluce	1.5	pipeline	(Faircloth,	2015).	Sequence	data	were	then	
processed	 in	 two	ways	 optimized	 for	 phylogenomic	 or	 population	
genomic	analyses.
For	 phylogenomic	 analyses,	 contigs	 were	 first	 aligned	 in	 the	
Phyluce	pipeline	using	Mafft	(Katoh	&	Standley,	2013)	with	the	no‐
trim	option.	Internal	trimming	using	gblocks	(Castresana,	2000)	was	
then	 conducted	 on	 this	 alignment	 prior	 to	 outputting	 a	 final	 70%	
complete	 data	matrix.	 These	 alignments	were	 then	 concatenated,	
and	a	maximum‐likelihood	phylogenomic	tree	was	then	constructed	




et	 al.,	 2015).	All	 analyses	were	 completed	 using	 the	GTRGAMMA	
model	 for	bootstrapping,	with	1,000	bootstrap	 iterations,	and	 the	
rapid	bootstrapping	option	(−x)	selected.	All	nodes	with	a	bootstrap	
value	<50	were	then	collapsed.
Meanwhile,	 for	 the	 population	 genomic	 analyses,	 a	 reference	






















ducted	 to	 identify	clusters	 in	 the	SNP	data	with	 the	package	ade‐
genet	in	R	(Jombart,	Devillard,	&	Balloux,	2010).	This	was	conducted	




2007).	 The	 program	 STRUCTURE	 v2.3.4	 (Pritchard,	 Stephens,	 &	
Donnelly,	 2000)	was	 used	 to	 assign,	 and	 assess	 the	 fit	 of	 individ-
uals	 to	 predetermined	 numbers	 of	 populations	 (K).	 An	 admixture	
model	was	used	with	 correlated	allele	 frequencies	 and	no	a	priori	
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2.5 | Ecological comparisons
Considering	 the	 broad	 geographic	 range	 occupied	 by	 these	 sister	
species,	it	is	quite	possible	that	they	are	occupying	ecologically	dis-








acquired	 from	 the	 Global	 Biodiversity	 Information	 Facility	 (GBIF)	




















County,	 California	 Academy	 of	 Sciences,	 and	 Louisiana	 State	
University	Museum	 of	 Natural	 Sciences.	 This	 included	 specimens	








Appendix	 S1:	 Figures	 S1,	 S2).	 These	 specimens	mainly	 came	 from	
Costa	Rica	where	 the	 two	species	overlap.	However,	 intermediate	
phenotypes	were	also	found	in	Panama.	Further,	our	morphological	
observations	 suggest	 all	 meristic	 counts	 and	measurements	 over-
lapped	 for	 the	 two	 species.	 Dorsal‐fin	 rays	 were	 VII–VIII,	 24–28,	
anal‐fin	rays	II–III,	22–24,	and	pectoral‐fin	rays	were	15–17	for	both	
species.	Body	depth	ranged	from	1.6–2.1,	pre‐dorsal‐fin	length	was	



























3.3 | UCE phylogenomics and population genomics
UCEs	were	successfully	sequenced	for	49	individuals:	23	P. puncta‐
tus,	24	P. laticlavius,	as	well	as	two	individuals	of	P. biafraensis used	
as	outgroups.	The	average	number	of	sequencing	reads	per	individ-
ual	was	2.8	million	and	 ranged	 from	~941,000–4.7	million.	A	data	
TA B L E  1  Averages	and	ranges	of	meristic	and	morphological	
measurements	of	the	two	species
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matrix	with	a	completeness	of	70%	was	assembled	for	phylogenomic	
analyses,	which	contained	866	UCE	loci,	with	an	average	UCE	locus	








p < 0.001).	 If	genetic	variation	 is	examined	by	sampling	 location,	sig-
nificant	structuring	 is	found	between	Mexico	and	all	other	 locations	




DAPC	 analyses	 that	 included	 P. biafraensis	 suggested	 the	most	
likely	 number	 of	 clusters	 to	 be	 two,	 with	 the	 sister‐species	 pair	 P. 
punctatus	 and	P. laticlavius	 together	 in	 a	 single	 group.	 This	 pattern	
could	be	driven	by	large	genetic	divergence	between	P. biafraensis	and	
both	TEP	species,	which	could	mask	any	subtle	differences	between	
the	 two	TEP	 species.	However,	when	 the	outgroup	P. biafraensis	 is	





























ing	equivalent	habitats	 (all	p values	>0.05;	Supporting	 information	
Appendix	S1:	Figure	S3)
3.5 | Systematic status of Prionurus punctatus 
Gill 1862
Morphological	features	distinguishing	Prionurus punctatus from	P. lat‐
iclavius are	inconsistent	and	not	related	to	any	genetic	relationships	






P. punctatus Costa Rica
P. laticlavius Costa Rica
P. laticlavius Panama
Grouping N Nh h π Fu's F
By	species
P. punctatus 27 6 0.342	±	0.117 0.001	±	0.001 −3.965* 
P. laticlavius 26 4 0.222	±	0.106 0.001	±	0.001 −2.451* 
By	locality
Mexico 20 3 0.195	±	0.15 0.001	±	0.001 −0.626
Costa	Rica 21 7 0.5	±	0.133 0.001	±	0.001 −5.074* 
Panama 12 1 0 0 NA




TA B L E  2  Mitochondrial	DNA	(COI)	
summary	statistics	for	phenotypic	groups	
and	collection	sites
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Slight	 differences	 in	 color	 patterns	 between	 populations	 can	 sug-
gest	 that	 such	groups	are	 following	distinct	evolutionary	 trajecto-







This	 study	 represents	 the	 most	 comprehensive	 morphological	




meristic	 counts	 and	measurements	between	 the	 two	phenotypes.	
Perhaps	 the	most	 unique	 observation	 is	 that	 the	 spotting	 pattern	
is	 not	discrete,	 as	 suggested	by	 the	 type	 specimens	of	 these	 spe-
cies.	Several	individuals	display	faint	spots	on	parts	of	their	bodies	
(Supporting	 information	Appendix	 S1:	 Figure	 S1),	 and	while	 these	
phenotypic	traits	could	be	interpreted	as	evidence	of	hybridization	
without	any	other	 information,	 the	 lack	of	any	genetic	 structuring	
between	 the	 species	 suggests	 that	 this	 is	merely	 an	 intermediate	
phenotype	between	two	populations.
Mitochondrial	 analyses	 revealed	a	 single	main	haplotype	dis-






have	 had	 a	 common	 ancestor	 in	 the	 Central	 American	 Seaway	
prior	to	the	closure	of	the	Isthmus	of	Panama	(Ludt	et	al.,	2015).	
However,	 it	 is	 reasonable	 to	 expect	 that	 this	 group	 recently	un-
derwent	a	population	bottleneck.	Using	fossil	calibrations,	Ludt	et	
al.	(2015)	estimated	a	crown	age	for	the	TEP	Prionurus	in	the	late	




organisms	 in	 a	 similar	way	 (Ludt	&	Rocha,	 2015).	 These	 climatic	
shifts	also	correspond	with	the	appearance	of	upwelling	areas	and	
ENSO	oscillations	 in	the	TEP	(Cortes,	1997;	Cortés,	2003).	All	of	


















at	 this	 time	 scale	 given	 the	 conserved	 nature	 of	 these	 genomic	










We	 compared	 the	 abiotic	 habitats	 that	 these	 phenotypic	 vari-




However,	 these	 data	 are	 all	 associated	with	 the	 abiotic	 habitat	 of	
TA B L E  3  Pairwise	comparisons	between	species	and	locations	for	mtDNA	COI	(ΦST	values	reported	below	diagonal)	and	UCE	SNPs	(FST 
values	reported	above	diagonal)
By species By locality
P. punctatus P. laticlavius Mexico Costa Rica Panama
P. punctatus – 0.013*  Mexico – 0.014*  0.018* 
P. laticlavius 0 – Costa	Rica 0 – 0.003
Panama 0 0 –
*Significant	AMOVA	p‐values	(p	≤	0.05).	
     |  4009LUDT eT aL.
the	 region	 (e.g.,	 temperature,	 salinity),	 and	 they	 do	 not	 take	 into	
account	 any	 biotic	 factors	 (e.g.,	 coral	 cover,	 species	 interactions,	
productivity),	which	could	differ	throughout	the	range	of	the	focal	
species.	Despite	 this	 limitation,	Prionurus	appears	 to	 traverse	mul-















2006),	 and	 Caribbean	 hamlets	 (McCartney	 et	 al.	 2003;	 Ramon	 et	
al.,	2003;	Garcia‐Machado,	Monteagudo,	&	Solignac,	2004)	among	
others.	The	latter	is	perhaps	the	most	well‐studied	example	for	reef	
fishes,	 where	 11	 distinct	 color	 phenotypes	 exist	 in	 a	 genetically	
homogeneous	 species	 complex	 (Puebla,	 Bermingham,	&	Guichard,	
2008).	Genome	 scans	have	 thus	 far	 only	detected	 a	 single	outlier	
locus,	which	corresponds	to	a	Hox gene	that	could	be	associated	with	
differences	 in	coloration	 (Puebla,	Bermingham,	&	McMillan,	2014).	
Something	 similar	 could	 be	 taking	 place	 in	Prionurus,	where	 slight	








may	 have	 adversely	 impacted	 all	 reef‐dwelling	 species	 (López‐
Pérez,	 2017).	 This	 study	 shows	 that	 a	 prominent,	 large‐bodied,	
schooling	herbivore	underwent	a	dramatic	population	bottleneck	
recently,	 possibly	 as	 a	 result	 of	 TEP	 environmental	 fluctuations	
during	and	after	the	closure	of	the	Isthmus	of	Panama.	A	scenario	
where	 a	 severe	 population	 bottleneck	 results	 in	 several	 distant,	
small	populations	could	lead	to	fixing	of	alternative	spotting	pat-
terns	 in	 this	surgeonfish,	which	can	be	 rapidly	 fixed	 through	ge-
netic	 drift.	 In	 this	 case,	 incomplete	 dominance	 at	 a	 single	 locus	
could	 explain	 the	 prevalence	 of	 intermediate	 phenotypes,	 and	
this	 scenario	 could	 also	 explain	 the	modal	 differences	 observed	















rates	 previously	 observed	 for	 this	 region	 (Cowman	 &	 Bellwood	
2013).	Ultimately,	an	extended	genomic	approach	that	targets	whole	
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